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Summary of Research Progress

Because of the collaborative nature of this project the progress is summarized below for each
organization involved. During the research time period the individual investigators have met
three times in conjunction with their attendance at the Orlando, Reno and Colorado Springs
AIAA meetings. Additionally, Professor Muntz has visited CUBRC in Buffalo twice during
the research period for interchanges with CUBRC management and for technical discussion
with M. Holden and others. A Stanford student spent the summer of 1992 at CUBRC and
this summer two Stanford students and one USC student are in residence at CUBRC.

Research Progress at Cornell University (Professor Iain Boyd)

COMPLETED WORK

Numerical simulations were performed of candidate test conditions and body geometries to
be tested in LENS. These were obtained using a computer code developed at NASA Ames
Research Center by Grant Palmer. This code solves the Navier-Stokes equations with cou-
pled thermal and chemical nonequilibrium relaxation. The code was installed and executed
on the Silicon Graphics Indy work-station purchased through the URI program. The simu-
lations were performed by the graduate student funded by the URI (Anand Srinivasan) and
supervised by Professor Iain Boyd.

The results of a first series of numerical computations were presented at the AIAA Ther-
mophysics Conference in June 1994 (Boyd, 1.D., Srinivasan, A., Muntz, E.P., Hanson, R.K.,
and Holden, M.S., “Thermochemical Nonequilibrium Design Calculations for Detailed Hy-
pervelocity Experiments in the LENS Facility,” AIAA Paper 94-2097). These consisted of
hypersonic flows of air produced under typical LENS operating conditions. Flows were com-
puted over various spherically-capped cone geometries. Here we summarize the important
findings of this numerical study:

1. LENS is expected to produce flows with vibrational and chemical nonequilibrium.
Along the stagnation streamline, the translational temperature overshoots the vibra-
tional value. A significant degree of dissociation occurs for both oxygen (which is
nearly fully dissociated) and nitrogen. Above the shoulder of the body, where rapid
expansion occurs, the vibrational mode freezes and exceeds the translational value.

2. Variation of the cone angle emphasizes different aspects of hypervelocity flows. At
large angle, the effects of recombination along the body are observed. At small angle,
the effects of rapid expansion and thermochemical freezing become significant.

3. The physical effects predicted in the computations such as thermal nonequilibrium,
significant dissociation, freezing, and recombination, should all be measurable using
the non-intrusive optical diagnostic techniques being developed at USC and Stanford.
The signal strengths and spatial resolution appear adequate for acquisition of accurate
and useful measurements.

4. Tt is concluded that successful, detailed measurements of this type of flow in LENS
will contribute significantly to our understanding of these flows. Almost certainly, the
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new measurements will indicate failings of the numerical models currently employed
to simulate these phenomena.

FUTURE WORK

Further simulations will be conducted to identify additional flow conditions and possibly
additional geometries of interest for testing in LENS. This study will concentrate on pushing
the flow conditions to higher altitudes. The Navier-Stokes code is to be extended to compute
separate vibrational relaxation for each molecular species present in the flow. Sensitivity of
the computations to changes in chemical models and rate constants will be investigated.

In addition to using the Navier-Stokes solver, it is intended at the highest altitude con-
ditions to consider use of computer codes developed at Cornell University using the direct
simulation Monte Carlo method (DSMC). Experimental data recently generated in LENS
on the surface of an interplanetary probe geometry will also be calculated using the DSMC
technique.

Research Progress at CUBRC (Dr. Mike Holden)

During the past year, CUBRC has been preparing experimental research programs in two
areas: (1) the study of real gas effects in air at velocities from 10,000 to 15,000 ft/sec, and
(2), a study of hydrogen combustion associated with scramjet propulsion at velocities from
8,000 to 14,000 ft/sec. Both of these programs are being conducted in the LENS facility and
are being fully supported by other members of the URI research contract.
The studies of real gas effects center around two flow configuration—a sting-mounted
planetary probe model, and a large sphere/cone/flare configuration. The experimental stud-
ies that have or will be conducted are focused on the effects of flowfield chemistry on the flow
structure and the surface heat transfer and pressure. These efforts are fully integrated in
both the design and analysis phases with detailed computations using the DSMC codes, and
with Navier-Stokes solvers such as the GASP code, all of which incorporate non-equilibrium
real gas chemistry.
The experimental studies of hydrogen combustion in hypervelocity flows are centered
around measurements of the mixing and combustion of single or multiple hydrogen jets, an-
gled to the airflow, in an environment typical of that generated in a hypersonic combustor
of a vehicle flying at velocities between 8,000 ft/sec and 14,000 ft/sec. Here, the emphasis
is on developing and understanding the combined and separate effects of mixing and com-
bustion on the flowfield characteristics and pressures and the heating leads generated in the ..
combustion chamber and the subsequent generation of thrust. Again, real gas effects, as well _ __
as combustion, are the object of our investigation. i i
In both the real gas and the combustion studies, the development, calibration, and use of ;
such advanced non-intrusive instrumentation as electron-beam techniques, laser-induced flu- __ |
orescence (LIF), and holographic interferometry to measure flowfield properties is an integral -~~~
part of the research program.
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StuDpIES OF REAL GAS EFFECTS

There are two basic investigations being conducted as a part of our study of real gas effects
in hypervelocity flows. These center around investigations with a sting-mounted planetary
probe, and studies of the non-equilibrium flowfield and surface characteristics of a large
sphere/cone/flare configuration. Both of these studies will be conducted over a velocity
range of 8,000 to 15,000 ft/sec in the LENS facility. In each program, we will employ surface
and flowfield instrumentation to examine real gas effects on flowfield characteristics. Detailed
calculations are being made with DSMC and Navier-Stokes codes to design the experimental
studies and analyze their results.

REAL GAS EXPERIMENTS WITH THE PLANETARY PROBE CONFIGURATION

Experiments ahve been conducted with the sting-mounted planetary probc configuration
to examine the heat transfer and pressure to the forebody and wake region as well as to
obtain flowfield information for examination of the bow-shock structure and the radiative
effects of the flowfield. The planetary probe, which i3 a spherically-blunted 70-degree cone
mounted on a cylindrical sting, is a configuration that has been selected for comparative
studies in the LENS shock tunnel, in the HEG piston-driven shock tunnel, in the NASA Ames
combustion-driven shock tunnel, in the GASL expansion tunnel, and possibly the T5 Facility
at Cal-Tech. The purpose of the studies, which are to be conducted at nominally the same
freestream conditions, is to analyze the relative performance of these facilities under high-
enthalpy (5 Mj/kg and 10 Mj/kg) conditions and to generate fundamental measurements
with which to examine the performance of models of real gas effects employed in the DSMC
and Navier-Stokes solvers. Experimental studies have already been conducted at 5 Mj/kg
on this configuration in the LENS facility, and the test conditions have been released to
members of the American and European computational communities to obtain predictions
of these flows. The measurements of the flowfield characteristics and the distribution of
properties of the surface of the body will not be released to the predictors until their results
are compared with the experimental data at the European Aerospace Meeting in November
1994. Both DSMC and Navier-Stokes solutions are being obtained under the current contract
by members of the URI research team. The corresponding measurements at 10 Mj/kg are
to be conducted within the near future. Later, we intend to obtain flowfield density and
temperature (both translational and vibrational) measurements in the bow-shock and wake
regions of this flow. These measurements will provide invaluable data with which to analyze
the models of vibrational relaxation and coupled dissociation effects in both nitrogen and
air flows. An active dialog is anticipated between all members of the experimental and
theoretical communities in the study of these flows.

REAL GAS STUDIES WITH THE LARGE SPHERE/CONE/FLARE CONFIGURATION

Currently, we are actively engaged in the design of the model and the fabrication of the
instrumentation to perform studies of the flowfield over the large sphere/cone/flare configu-
ration. Detailed computations have been performed to select the optimum model geometry
to examine non-equilibrium real gas flows along the cone and in the recirculation region at
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the cone/flare junction. This configuration would be run over a range of freestream con-
ditions in both air and nitrogen to obtain conditions to examine flows from frozen to fully
equilibrium gas flow chemistry. Currently, electron-beam equipment and instrumentation
are being prepared at USC, Imperial College, and CUBRC for these studies. Also, instru-
ments to examine flowfield radiation and flowfield chemistry (LIF) are being assembled at
Stanford University and CUBRC. This same instrumentation would be used in later studies
of the planetary probe and hydrogen combustion.

STUDIES OF HYDROGEN COMBUSTION IN HYPERVELOCITY FLOWS

Models and instrumentation are currently being prepared for a preliminary study of hydro-
gen combustion in hypervelocity flows, to be conducted in the LENS facility in late August
or September. In this program, we plan to employ a model that has been previously used
to supply combustion data for the NASP program. This model is being extensively instru-
mented with heat transfer, pressure, and skin-friction instrumentation. High-speed schlieren
photography and holographic interferometry measurements are planned to examine the flow-
field structure. These studies will be conducted at 8,000, 10,000, 12,000, and 14,00 ft/sec
to examine the effects of freestream velocity on the combustion and mixing of hydrogen
from single and multiple jets injected into the flow. both air and nitrogen will be used as
the test medium so that the combined and separate effects of mixing and combustion can
be examined. Theoretical prediction employing Navier-Stokes codes are being or will be
obtained to compare with the experimental measurements. These preliminary studies will
provide the data from which we will select test cases in which extensive flowfield studies will
be conducted with LIF to examine the mixing and combustion of these flows and to provide
fundamental data for evaluation and improvement of the combustion and turbulence models
used in the codes.

Research Progress at Stanford (Professor Ron Hanson)

The primary goal of this program is the application of planar laser-induced fluorescence
(PLIF) diagnostic concepts in the LENS hypersonic shock tunnel facility. Toward this end,
the Stanford effort during our first year of support focused initially on modifying one of our
small shock tubes to provide hypersonic flow capability in a reflected shock tunnel config-
uration. Two different end-wall geometries and nozzle designs were tested to establish the
extent of perturbations in stagnation conditions, tunnel start-up times, and the quality of
the flow at the nozzle exit. In these experiments, the primary diagnostics were reflected-zone
pressure, pulsed shadowgraphy and PLIF of NO; the gas was typically argon seeded with up
to 1% NO. Once the tunnel was operating satisfactorily, a cylinder model was mounted in the
supersonic/hypersonic flow to provide a realistic environment for developing PLIF mecasure-
ment capability. A number of experiments were then conducted to provide useful experience
for the two new students associated with this program. The relatively simple procedures
for operating the shock tunnel allow fast turnaround times, as short as ten minutes between
runs, which facilitate (relative to large-scale facilities such as LENS) study and development




of complex diagnostics. The optimization and application of a quantitative PLIF diagnos-
tic requires selection and close control of several variables ranging from electronic timing
(laser, gated intensifier, shock detection, etc.), laser parameters (energy/pulse, wavelength,
linewidth, timing, optical train, etc.), spectroscopic parameters (absorption transition), and
camera parameters (intensifier gating, laser sheet corrections, camera focusing). At the
present time, the students and staff involved with this project have progressed to a stage
that useful PLIF data are obtained on nearly every shock tube run.

During this summer period, the two students are working at CUBRC (Calspan) to gain
experience in the LENS facility. They are beginning to address the problems associated
with implementing PLIF in this facility, including design of the laser delivery system (i.e.,
the sheet illumination in the tunnel flow) and mounting of the CCD camera. goals for the
summer include using the CCD camera, in a gated mode, to acquire images of radiative
emission from hypersonic flow over a body at high Mach numbers. Once the electronic
triggering is under control, the spectral luminosity of the flow will be characterized, since
this will represent a sever background problem for the PLIF signals. The results from these
tests will be used to plan the spectral (and temporal) filtering which will be needed in actual
PLIF experiments. Although the present emphasis is on detection of NO in hypersonic flow
over a body, there is a chance that combustion experiments will also be run this summer, in
which case the objective will be detect OH in combusting Hj-air flows.

With regard to publications, one paper based on the work at Stanford to study tunnel
start-up with PLIF has been presented (AIAA, Colorado Springs, June 1994) and another
based on PLIF measurements of the flow over a cylinder has been submitted for presentation
(AIAA, Reno, January 1995).

Progress at USC
Transition Probabilities and Viscosities (J. A. Kunc)

The main goals of this part of the program are: 1) to obtain the state-to-state transition
probabilities for molecular collisions (with the molecules in arbitrary vibrational-rotational
states) resulting in the V-T (vibration-translation) and V-V (vibration-vibration) exchange,
and 2) to provide a general, comprehensive study of the effect of dissociation on the viscosity
of high-temperature gases.

1) Dynamics of the V-T and V-V transitions is of fundamental importance in high-
energy flows because the vibrational excitation of molecules can cause a serious unbalance
in the distribution of the gas energy among the translational modes and internal modes of
the gas molecules. In addition, vibrational excitation plays a crucial role in efficiency of
dissociation and many chemical reactions. Therefore, this part of the program is devoted
to evaluate computationally efficient (possibly analytical) expressions for the cross sections
and transition probabilities for the V-T and V-V processes defined above.

The initial phase of this part the program (resulting in analytical temperature-dependent
first-order perturbation theory expressions for V-T transitions in collisions of oxygen and
nitrogen molecules) and the second phase (resulting in analytical energy-dependent infinite-




order perturbation theory expressions for V-T transitions in the collisions) have already
been completed (see Appendix). The obtained results encourage development of an ap-
proach yielding the transition probabilities for both the temperature-dependent and energy-
dependent V-V transition probabilities in the atmospheric gases such as nitrogen and oxygen.
This development will be the subject of this part of the program in the incoming year. The
approach will be based on the same infinite-order perturbation scattering theory because
preliminary results indicate that the approach may lead to analytical V-V transition proba-
bilities.

2) Investigation of momentum transfer in dissociating gases is of a primary importance for
physics of supersonic and hypersonic flows because the temperatures in the flows are usually
high enough to cause significant dissociation. Theoretical models of the momentum transfer
in dissociating gases are of a special interest for description of the transport properties
(viscosity, conductivity, diffusion coeflicient) in high-energy flows because of the experimental
difficulties involved in measuring these properties at high temperature. Therefore, a part of
this program focuses on modeling of transport of momentum and energy in high-temperature
gases with ongoing dissociation.

The initial phases of this research (resulting in a study of impact of dissociation on
viscosity of high-temperature iodine vapor supported on a previous grant) has suggested
that the impact can also be profound in other gases. Therefore, a significant part of this
program in the coming year will be devoted to a general study of the viscosity of dissociating
diatomic gases, especially atmospheric gases such as nitrogen and oxygen.

Pulsed electron beam flourescence (E. P. Muntz, D. A. Erwin)

As documented in ATIAA-94-2631 and ATAA-94-2097 (see Appendix) a pseudo-spark electron
gun has been purchased and operated with reasonable but not complete success relative to the
application of obtaining diagnostic quality gas flow mesurements. A beam isolation method
based on a series of replaceable vaporizing diaphragms has been designed, constructed and
andergone successful initial tests. During the summer of 1994 the student (Fred Lutfy)
who is responsible for the e-beamn measurements is at CUBRC. He is at present gaining
valuable experience making c.w. e-beam measurements in LENS for purposes of calibrating
the LENS free stream properties and test time. This experience will be essential for the
subsequent implementation of the pulsed e-beam fluorescence measurements. Refinements
of the pseudospark e-beam are presently being considered and will be implemented this fall.
We expect to be able to demonstrate a working pulsed e-beam fluorescence system suitable
for installation in LENS by April 1995.
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Energy dependence of vibration - translation transitions in
collisions of neutral particles

Steve H. Kang and Joseph A. Kunc
Departments of Aerospace Engineering
University of Southern California
Los Angeles, California 90089-1191

Abstract

We study, using an operator solution of the Schrodinger equation for the collision
system, the vibration - translation (V-T) energy exchange in collisions of diatomic
homonuclear molecules. The energy- and temperature-dependent transition probabili-
ties are evaluated for collisions of molecules in arbitrary vibrational states, and when
the change of the vibrational quantum number of the target molecule during the V.- T
transition can be greater than one. Examples of numerical results are given for various
transitions in O, + O3 and N; + N; interactions.

1 Introduction

The one of important area of kinetic studies of high-temperature gases is energy transfer
in molecular collisions. Particularly, determining probabilities of energy transfer between
the translational motion and the vibrational motion of molecules is of wide spread interest.
Calculations of the V - T transition probabilities as functions of the collision impact energy
and impact parameter are not available for collisions of diatomic molecules. In this work
we calculate such probabilities, using a quantum-mechanical approach,l’2 studying the V-T
energy transfer in the following collisions:

Xa(k) + Xa(v) — Xa(k) + Xz (v'), (1)

where a diatomic homonuclear molecule X; in a vibrational state v (v, v’ and k are molecuvlar
vibrational quantum numbers) collides with another diatomic homonuclear molecule in a
vibrational state k. After the collision, the target molecule X; is left in a vibrational state
v’, while the vibrational state of the incident molecule is the same as before the collision.
(Both molecules are in the ground electronic states at all times).

The V-T transition probabilities of the present work are obtained using solution! of
the time-dependent Schrédinger equation for the collision system (1) with the evolution
operator transforming the initial state of the system into a final state at some time t. The
transition probabililites for ¢ = oo are then calculated from the probability amplitudes.
Each molecule participating in the collision is represented during interaction by two identical
vibrating atoms. The intermolecular potential energy (which depends on the intermolecular
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distance and on the spatial orientation of the colliding molecules) is constructed as a sum
of all pairwise (atom-atom) interactions in the collision system. Subsequently, analytical
expressions for the V-T transition probabilities as functions of the collision impact parameter
and impact energy are obtained. Averaging of the probabilities over the impact parameter
gives the probabilities as functions of the collision impact energy, and subsequent averaging
over the distribution of the impact energies in the gas gives the probabilities as functions of
the gas temperature.

Anharmonicity and rotation of the molecules are taken into account by assumning that the
vibrational part of the intramolecular potential is of the Morse type and that the rotational
part is the centrifugal stretching potential that depends on the molecular rotational quantum
number.34 Therefore, although we consider only V-T transitions (simultaneous rotational
transitions are ignored) the corresponding transition probabilities are functions of the initial
(before collision) rotational quantum numbers of the molecules participating in the collisions.

2 Intramolecular potentials

The Morse rotating oscillator is used as a model of the rotational-vibrational motion of
the diatomic molecules. The eflective intramolecular potential energy U.ys of a diatomic
molecule is given as

Ueys(R) = U(R) + Us(R), (2)

where U,(R) is the vibrational part and U{R) is the rotational part of the potentia.
The intramolecular potential of a rotationless Morse oscillator can be approximated by
the Morse potential,

Us(R) = D {exp[28(R. — R)] - 2exp[B(R. — R)]}, 3)

where D is the dissociation energy, referred to the minimum of the potential, R is the
internuclear distance, R, is the molecular bond length, and g is the Morse constant.
The rotational part of the intramolecular potential (2) is given by

_RJ(JT+1) = A7
- 2iR? '
with A being the quantum number for the axial component of the electronic angular mo-

mentum, and i being the reduced mass of the molecule. In the calculations we assume that
the rotational part of the potential energy of the oscillator is4,

RJ(J + 1)

U,s(R) 4)

U (R)=UiR=R,)= TR (5)
where R, is the position of the minimum of the effective potential U.yy,

R,=R,+4J(J +1)/R, (6)
where

Ik h (7)

= 28(2uD)/*’




The rotational-vibrational energy (in cm™!) of the rotating Morse oscillator with vibrational

quantum number v and the rotational quantum number J is?

Goy = =D +w,(v +1/2) = wezo(v + 1/2)? + B.J(J + 1) = DJ*(J +1)?, (8)

where w,, w.z., B. and D, are the usual molecular spectroscopic constants .

3 Intermolecular potentials

We denote the target molecule as particle 1 and the incident molecule as particle 2 (see
Fig.1). The distance between the centers of the colliding molecules is 7; the angle between
the internuclear axis of the molecule 1 and 7 is denoted by 6, and the angle between the
internuclear axis of the molecule 2 and 7 is denoted by 6,. Here, ry, r3, r3 and ry are the
distances between the atoms in the collision system. The pairwise (atom-atom) interaction

potentials are taken as Morse-type potentials,2
UY(r;) = Dm{exp[2x(rl) —r.)] - 2expln(rl) - r)]}, 9

where D,, and « are potential constants, and r{" is the equilibrium value of r;. Consequently,
the resultant (overall) intermolecular potential is

4
U(r) =Y UW(ry), (10)
=1
where r. is the equilibrium value of r.

One should recall that the repulsive-attractive potential such as the potential (9) is not
the only potential possible during interaction of two atoms. Depending on the spin vectors of
the colliding atoms, the pairwise atom-atom potentials can be repulsive-attractive as well as
repulsive potentials. However, in the case considered here, where the interacting molecules
are in the electronic ground states, the pairwise interactions are dominated by the repulsive-
attractive potential of type (9). Therefore, instead of statistical averaging over all possile
potential curves of the particular atom-atom interaction we describe this interaction by the
single intermolecular potential (9).

Taking the above into account, the overall intermolecular potential can be written as

U(rvzhz%oth) = Uo(r,Bl,Bg)+U1(r,z,,9,,02)

+ Uy(r,z2,61,02) + Ura(r, 21, 22,61, 8,), (11)
where
U = Dn {exp{2n(r$‘) ~r.) exp(Q cos 8, — @ cos 6;) exp[2x(r, — r)]+
— 2explr(r) — r.)] exp(0.5Q cos f;, — 0.5Q cos 8;) exp[x(r, — r)]} , (12)

Ui = Dn {exp[2x(r$‘) — r.)] exp(Q cos 6; — Q cos 8,) exp[2k(r. — r)]+
—  exple(r!? — r.)] exp(0.5Q cos 8; — 0.5Q cos ;) exp|x(re — r)]} zT1kcosfy, (13)
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Uy = —D, {exp[?n(rf’ — r.)] exp(Q cos 6 — @ cos 8;) exp(2x(r, — r)]+
—  exp[r(r!" — r.)] exp(0.5Q cos 8, — 0.5Q cos §,) exp[x(re — r)]} zkcosf,, (14)

Uy = -Dn {exp[2x(r£‘) - 1)) exp(Q cos 6, — Q cos 8;) exp{2«(r. — r)]+
— 0.5exp|[&(r{" — )] exp(0.5Q cos 6; — 0.5Q cos 8;) exp|x(r. — r)]}
XZ3Z2x2 cos b cos 8;, (15)

where Q = R.k, and z is the deviation of the internuclear distance of the kth molecule from
its equilibrium distance R..

The first term in Eq. (11) describes the relative motion of the colliding molecules accom-
panied by vibrational excitation and deexcitation. The second and the third terms represent
the coupling between the relative motion and the vibrational motion of the molecule 1 and
2, respectively. The last term represents the coupling between these vibrational motions
ot both molecules and between the vibrational motions and the relative motion of the mo-
lecules. The perturbation potential U, causes V-T energy transfer between the molecule
1 and translation, and the perturbation potential U; causes V-T energy transfer between
the molecule 2 and translation. Since we are interested in V-T of the one of the colliding
molecules, U, is chosen. Using relationships (9) in Eq. (13) and averaging over the angles 6,
and 